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Abstract
The DMP1 gene codes for proteins that play a role in the calcification of hard tissues,
including dentin, in vertebrates. Deleterious mutations in the gene can cause genetic disorders
such as rickets in humans. The gene function, however, has only been investigated widely within
mammalian lineages, and has not been thoroughly researched within sauropsids (reptiles and
birds). Birds are edentulous (toothless) and have a unique bone structure that allows a majority
of species to withstand the rigors of flight. In contrast, their closest living relatives, the
crocodilians, are polydontous and possess dense skeletons as an adaptation to their semi-aquatic
lifestyle.
In the present study, we attempt to identify DMP1 gene sites that have been positivity
selected for within 185 extant taxa: Crocodilians (crocodiles, alligators, and gharials), Testudines
(turtles and tortoises), and Aves (birds). Given the unique bone characteristics of these three
groups, we explored the evolutionary history of the DMP1 gene. Individual sites analyses for
Aves, Crocodilia, Testudines, Palaeognathae, and Galloanserae, yielded significant positive
selection sites for Aves: 39, Crocodilia:1, Testudines:1, and Palaeognathae:2. No positively
selected sites were found on the branches leading to penguins or the kakapo, while there were
seven positively selected sites identified on the branch leading to Pleurodira. Five distinct DMP1
isoforms and 24 conserved motifs were identified in Crocodilia, Testudines, and Aves.
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Introduction
The evolution of genes involved in dentin and bone mineralization have been an interest
to biologists. The Dentin Matrix Acidic Phosphoprotein, or DMP1 gene, has been shown in
humans and mice to play a vital role in the mineralization of dentin and calcification of bone
(Kawasaki et al., 2011). This gene plays a role in the development of hard calcified tissues and
has recently been shown to be expressed in small amounts in specific soft tissues (e.g. brain)
(Toyosawa et al., 2012). Postnatally, the DMP1 gene is known to be expressed in odontoblasts,
osteocytes, and chondrocytes (Toyosawa et al., 2012).
Hard tissues consist of bone, enamel, dentin and cementum, all which play a role in tooth
development. The development of these hard tissues is controlled mainly by two different
macromolecule classes (Kawasaki et al., 2011). One class is a generalist class, while the other is
specific to mineralized tissues. In the generalized class, there are the SPARC proteins (Secreted
Protein Acidic and Rich in Cysteine), which are responsible for the formation of the ECM
(collagenous extracellular matrix) The ECM is a 3-D network that provides support to the
surrounding cells, providing either structural support or biochemical support (Kawasaki et al.,
2011). The ECM is an important factor in the creation of not only hard tissues such as dentin, but
soft tissues as well. Within the other class are the gamma-carboxyglutamic acid containing
proteins (Kawasaki et al., 2011). This is the gene grouping that contains the SCPP genes.
The DMP1 gene belongs to the SCPP/SIBLINGS gene family (Kawasaki et al., 2011). The
Secretory Calcium Binding Phosphoproteins, or SCPP, contain two different classes of genes, the
P/Q amino acid rich genes (e.g. AMEL, AMTN, ENAM ), and the acidic genes (e.g. DSPP, IBSP,
8

MEPE, DMP1,) (Kawasaki et al., 2011). Throughout vertebrates, a collection of any of these genes
make up this family, but the number of these genes can vary among species. In mammals, the
P/Q rich genes play a role in the formation of enamel, while the acidic genes are involved in the
formation of dentin as well as bone (Kawasaki et al., 2011). In species other than mammals, such
as the pufferfish fugu (genus: Takifugu), it has been shown that both the P/Q rich and acidic genes
play a role in the formation of dentin (Kawasaki et al., 2009). It is also important to note that
some of these genes may also be lineage specific, due to the lack of studies that have examined
the role of SCPP genes in development (Kawasaki et al., 2009).
The DMP1 gene, along with the SPARCL1, MEPE, IBSP, and SPP1 genes, are all acidic genes
(Kawasaki et al., 2011). It is believed that genes within the acidic region are duplications of the
SPARCL1 gene, which itself was derived from the SPARC gene (Kawasaki et al., 2004). These genes
are referred to as the Small Integrin-Binding Ligand N-linked Glycoproteins, or SIBLINGS for short.
Kawasaki et al., (2003) suggested that this gene family is derived from a common ancestor. This
suggests that these genes play a key functional role in vertebrates and as a consequence they
could be under strong selective pressure which will be recorded in the gene sequences. Over
evolutionary time, these genes evolve, which can lead to differences in function. As evidence, the
fossil record shows that during the Paleozoic Era, there were jawless vertebrates that developed
hard tissue (Kawasaki et al., 2011). These hard tissues developed into dermal skeletal elements,
many of which are found in the teeth that we have today (Kawasaki et al., 2011). This is
important, as it shows that the evolution of the jaw allowed for evolution of teeth. This one event
(as well as others) could have altered gene function resulting in the production novel hard tissues
such as dentin.
9

The SCPP genes, in general, have not been studied thoroughly in most vertebrate
lineages, and this includes DMP1. The evolutionary history of the DMP1 gene has only really been
explored within mammals (Kawasaki et al., 2003). Given the unique evolutionary history of
sauropsids, we can make comparative predictions. The present study looked at the evolutionary
history of the DMP1 gene within sauropsids to provide a more in-depth evolutionary history of
the DMP1 gene in vertebrates.
Synapomorphic traits of the extant avian clade are feathers and toothlessness. Notably,
Aves possess an endothermic physiology and are maintained by a high metabolic rate. Aves also
have pneumatized bones. These adaptations evolved for flight (Machado et al., 2016). Extant
members of this clade also have a wide range of body size, spanning several orders of magnitude,
such as the ostrich and the hummingbird. Extant Aves are composed of two distinct infraclasses,
Palaeognathae and Neognathae. The Palaeognathae, named for the ancestral morphology of the
palate, are classified as being “old jawed” (McDowell, 1948). The clade is composed of six extant
lineages, of which only one is Volant (capable of flight) (roughly 50 extant species). The
Neognathae contain all remaining extant bird species. Referred to as the “new jaw” birds, there
are roughly 10,000 species of birds within this clade. Neognathae have a very different palate
bone structure and morphology (McDowell, 1948).
The closest living relatives of extant birds are the crocodilians. Modern crocodilians first
appeared during the late Cretaceous Period, roughly 95 million years ago (Grigg, 2015). Birds and
crocodilians represent the last remaining members of the clade Archosauria, which contained
clades such as the dinosaurs and the pterosaurs. Within the order Crocodilia, there are three
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distinct families, the Alligatoridae, the Gavialidae, and the Crocodylidae. There are currently 27
recognized extant species within the group: eight in Alligatoridae, two in Gavialidae, and
seventeen within Crocodylidae (Grigg, 2015). The Alligatoridae contain the alligators, as the name
suggests, as well as caimans. The Gavialidae contain the gharials and false gharials, while the
Crocodylidae contain all of the true crocodiles. Crocodilian tooth morphology varies, as they can
be sharp, or dull. Crocodilians are also polyphyodonts, meaning they are able to replace their
teeth (Grigg, 2015).
The order Testudines encompasses all tortoises and turtles. Within Testudines, there are
two extant subgroups, those being Cryptodira and Pleurodira. The Cryptodira are referred to as
the hidden-neck turtles, while the Pleurodira are known as the side-neck turtles. Like birds, and
unlike Crocodilia, the Testudines developed hard-rigid beaks instead of teeth. The loss of teeth
seemed to have happened roughly 100-150 million years ago (Davit-Beal et al., 2009; Meredith
et al., 2014). Turtles also developed a shell for protection, which is unique among animals, as it
is derived from the ribs (Davit-Beal et al., 2009).
Studies in mammals have shown the importance of DMP1 in osteocytes. Osteocytes are
mature bone forming cells and contain the calcified matrix of the bone. Feng at al, (2006)
compared the difference between DMP1-null mice, wild type, and DMP1 mutated mice. Their
results showed null mice developed rickets, osteomalacia, and had elevated levels of fibroblast
growth factor 23 (Feng et al., 2006). In the mutated mice, they showed an example where a shift
in the reading frame altered a highly conserved C-terminal of 18 residues into an unrelated
sequence which consists of 33 residues (Feng et al., 2006). This resulted in the loss of
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conservation and function of the gene (Feng et al., 2006). We can expect, since this gene is
conserved within vertebrates, the function of the gene is similar. These results suggest that this
gene plays a role in the calcification of bones.
Lu et al. (2007) demonstrated that DMP1-null mice have a 3-fold reduction in the
production rate of dentin in odontoblasts. In vitro studies conducted by Beniash et al., (2011)
illustrated that a defect within the mineralization process can cause weaker dentin, as well as
lead to unmineralized predentin, or even possibly hypomineralized bone. These results suggest
the gene plays a critical role in the calcium phosphate mineralization (Beniash et al., 2011). This
is important because it demonstrates that it is the level of phosphorylation of the gene that
controls the effect the gene has on bone development (Beniash et al., 2011).
The DMP1 gene is a pleiotropic gene, meaning that it has multiple functions, possibly not
relating to each other. The gene is divided into two different regions, the C-ter fragment, and the
N-ter fragment (Silvent et al., 2013). In vitro studies have shown that the N-ter fragment can
either inhibit or promote mineralization in hard tissues, while the C-ter fragment has been shown
to promote hydroxyapatite nucleation (Silvent et al., 2013). The DMP1 gene is an acidic protein,
being comprised mostly of serines (22%), glutamic acids (15%), and aspartic acids (13%) (Beniash
et al., 2011). While the percentage of acidic amino acids differs slightly between species, the
amount of conservation among the motifs suggests these gene regions may be fundamental to
the function of the gene (Toyosawa et al., 1999, 2000). However, the DMP1 gene over it’s entire
sequence may vary greatly, e.g. intron/exon structure. Within birds, there are 3 to 4 exons while
Testudines have 4 and Crocodilia have 5. Conservation of sites, however, between these classes

12

can be small (Toyosawa, 2000). Despite the differences in exon structure, there are conserved
regions that may play an important role in the function of the gene. In this study, we use a
phylogeny of sauropsids to test hypotheses about the evolution of the DMP1 gene. We tested
the evolutionary history of the DMP1 gene on branches leading to taxa that exhibit differences
in bone morphology. Positively selected sites within each Class were identified as well. This study
includes 185 total species, of which are 142 Aves, 23 Crocodilia, and 20 Testudines. Gene trees
are inferred to using parsimony and maximum likelihood methods.
Materials and methods
Sequence and alignment
This study utilized DMP1 sequences for 185 extant species. Taxonomy of the Aves
followed the avibase.bsc-eoc.org. Unpublished genomes of Crocodilians were provided by Dr.
Robert Meredith, and taxonomy follows (Meredith et al., 2011). Testudines taxonomy follows
Michel Guillon et al. (2012). DMP1 sequence data, besides the specified Crocodilia members
(Appendix 1), were data mined from the NCBI database. Accession numbers can be found within
Appendix 1. DMP1 sequences were identified using Blastn (Altschul et al., 1990). A customized
database in Geneious Prime was created for each of the 185 species, which was used to identify
the DMP1 gene (Geneious Prime 2019.2.1). Previously annotated DMP1 sequences were used to
identify each unannotated genome. A MUSCLE alignment (default settings; Edgar, 2004) in
Geneious Prime (Geneious Prime 2019.2.1) was performed to create an alignment for each order
(Aves, Crocodilia, Testudines). The ordinal alignments were then consensus aligned to create the
185 DMP1 species alignment. From this whole gene alignment, exonic coding regions were
13

extracted for each species to create a protein coding alignment that was used in subsequent
analyses. Exonic regions were determined by pairwise comparisons, and the longest coding
isoform was used in the analyses. Final MUSCLE alignments were manual adjusted by eye.
Sequences that were gathered but not used in the analysis are available in appendix 1, indicating
the reason why they were not used.
Percent Identity, Conserved Residues, Motif Identification and Molecular Clock
Percent identity values for nucleotides were calculated between species using Geneious
Prime (Table 1 and 2). Residues and motifs for each individual isoform were identified using the
prosite database (https://prosite.expasy.org/; Default setting; Sigrist et al., 2009). The identified
regions were then mapped onto a Geneious Prime alignment in order to identify motifs that
overlapped with each other (Figure 4). The consurf database was used to identify functional
regions of the protein (https://consurf.tau.ac.il/; Default settings). In addition, we used the
DAMBE software package (Xia, 2018; default settings) to determine if the DMP1 gene fit the
molecular clock.
Composite Phylogeny
A composite phylogeny was created using the following resources (Cloutier et al., 2019;
Crawford et al., 2015; Guillon et al., 2012; Hosner et al., 2016; Johnson et al., 2000; Kennedy et
al., 2009; Ksepka et al., 2006; Li et al., 2017; Meredith et al., 2011; Nagy et al., 2014; Oliveros et
al., 2019; Plasse et al., 2019; Sanchez et al., 2017; Shaffer et al., 2017; Spinks et al., 2016; Sun et
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al., 2017; Tavares et al., 2004; Wang et al., 2013; Wink et al., 2009). This phylogeny was utilized
to compare the DMP1 gene tree to the species tree. (See results).
Phylogenetic Analysis
All DMP1 phylogenetic analyses utilized the CIRPRES science gateway (Miller et al., 2010).
For each analysis, there was a total of six analyses (Aves, Crocodilia, Galloanserae, Testudines,
Palaeognathae, and all 185 taxa) . The PartitionFinder2 software package was used to find the
best model of molecular evolution (default settings; Lanfear et al., 2016). Invariant site models
were not used as they are not implemented in RAxML (Stamatakis, 2014). Maximum likelihood
analyses were all performed using RAxML (Stamatakis, 2014). All RAxML analyses used the
default settings except the following: Bootstrapping Iterations (1000). The tree was then viewed
using Figtree v1.4.4 (reference).
Positive Selection Analyses
There are three types of selective pressure classifications that a gene can be placed under:
Relaxed selection/purifying selection, neutral selection, or positive selection, all of which are
dictated by an omega value (ω) and its relation to the value one. The omega value is the dN/dS
ratio value, which is the ratio of nonsynonymous to synonymous amino acid substitutions (dNamino acid replacement/dS-silent; Alazem et al., 2019). Positive selection is occurring when ω is
greater than 1, neutral selection occurs when ω is approximately one, and purifying selection
occurs when ω is less than 1 (Alazem et al., 2019). The RAxML trees were used in positive
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selection analyses in the EasyCodeML software package (default settings; Gao et al., 2019). The
different kinds of selection tests implemented in Easycodeml are show in table 3.
For positive selection analyses, we used five different alignments (Aves, Crocodilia,
Testudines, Palaeognathae, and Galloanserae), as each group has unique bone morphologies. A
site analysis assess amino acids that are undergoing positive selection (ω value > 1). For all site
analyses, we focused on the M8 vs M7 model comparison. Branch site analyses were performed
to identify sites under positive selection leading to specified branch. Branch site models allow for
specified branches to evolve under different ω values (Foreground or background). Foreground
branches are branches being tested for possibly evolving at a different rate than all other
branches. Background are all other branches in the tree.
Results
Isoforms, Homology, Motifs
DMP1 sequence nucleotide length varied and the total alignment length for the 185 taxa
was 2997 base pairs (bp). We identified three isoforms. Crocodilia have 5 exons, where there is
an extra exon in between exons 2 and 3 as compared to all other species. Galloanserae has a
unique isoform in which there were only 3 coding exons, while all other birds, and turtles have
an isoform composed of 4 exons. The largest 3rd exon in the Galliformes and Anseriformes aligns
closely and overlaps with the third and fourth exon in all other isoforms (Figure 4).
The higher the percent identity, the more similar the DMP1 genes are to each other. The
185 taxa alignment shows a 57.8 percent conservation of nucleotide residues (Table 1). Within
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Aves, Crocodilia, and Testudines, there are 67.5%, 94.5%, and 83.7% conserved nucleotide
residues, respectively (Table 1). Paleognathae had a higher level of conservation as compared to
all other birds, and even a higher percent conservation than Testudines. In general, percent
identity was higher within avian subclades as compared to comparisons between different
groups. On an exon-by-exon basis, there was a higher percent identity difference when
comparing all taxa. Among all 185 taxa, the percent pairwise identity of exon one was 75.5%, in
exon two: 58.1%, exon 3 (only found in Crocodilia): 96.5%, exon 4: 54.3%, and exon 5: 59.4%
(Table 2).
There were 24 sites across the alignment where at least three of the five isoforms had a
conserved motif (Figure 4). In total, there were 21 conserved Casein kinase II phosphorylation
(Phosphoserine) sites, 2 Casein kinase II phosphorylation (Phosphothreonine) sites, and 1 Nglycosylation site that were conserved across the isoforms. There were four conserved regions
where three isoforms overlapped, ten where four isoforms overlapped, and ten where all five
different isoforms overlapped. Every isoform had a serine-rich region, and each avian isoform
had a glutamic acid-rich region. Testudines had an aspartic-acid rich region as well. Eighty percent
of all conserved sites fell within the overlapping serine-rich regions of the gene (Figure 4). There
were a total of 45 Casein kinase II phosphorylation sites in Testudines, 35 in Crocodilia, 35 in
Palaeognathae, and 32 sites in the Neoaves
Phylogenetic Analysis
A phylogeny was constructed using RAxML (Stamatakis, 2014) based on the exonic coding
regions of the DMP1 gene (Figure 2). For all data sets, PartitionFinder2 determined GTR+G was
17

the best model of molecular evolution. For the 185 taxa dataset, all ordinal and superordinal
groupings were Testudines, Crocodilia, Palaeoganthae, Galloanserae, and Neoaves were
recovered (Figure 2). Within Crocodilia, the three major families (Alligatoridae, Crocodylidae,
and Gavialidae) were recovered. Within Crocodylidae, previously supported phylogenetic
relationships were not recovered. Within the Testudines, the two suborders were recovered
(Cryptodira and Pleurodira). Within the Pleurodira and Cryptodira all families were recovered as
monophyletic

(Chelidae, Pelomedusidae, Podocnemididae, Carettochelyidae, Trionychidae,

Testudinidae, Platysternidae, Geoemydidae, Emydidae, Dermochelyidae, Dermatemydidae,
Chelydridae, and Cheloniidae) (Figure 2). However, relationships between the families are not
consistent with well accepted phylogenetic relationships.
All families within Palaeognathae were recovered (Struthioniformes, Rheiformes,
Tinamiformes, Apterygiformes, Casuariidae, and Dromaiidae). Only relationships within
Tinamiforms were not recovered when compared to prior studies. Within Galloanserae,
Galliformes and Anseriformes were recovered as monophyletic. Relationships within Galliformes
and Anseriformes were consistent when compared to prior studies except for the placement of
Pavo cristatus. Within Neoaves, Orders and Families were recovered as monophyletic, but the
relationships within those Orders and Families varied from previous literature. Bootstrapping
percent values ranged from 1-100. Bootstrapping values for Crocodilia, Testudines,
Palaeognathae, Neoaves, and Galloanserae are provided in Figure 3.
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Branches leading to ordinal groups or higher were on average longer than the branches
within an order (Table 4). Branch lengths are a measure of the amount of changes that occur on
that branch of the tree. The longer the branch, the more changes that occurred on that branch.
Molecular clock and Positive selection (Figures 5-9)
To test the fit of the DMP1 gene against the molecular clock, we ran an analysis using the
DAMBE software package (Xia, 2018). The DMP1 gene does not fit the molecular clock hypothesis
(p=.01).
Sites tests were conducted using EasyCodeML on 5 different groups: Aves, Crocodilia,
Palaeognathae, Galloasnerae, and Testudines (Gao et al.,2019). Amino acids identified as
undergoing positive selection can be found in Figures 5-9. Positive selection values were based
off of the omega values associated with that position. If the omega value was greater than one,
then that amino acid was undergoing positive selection. If the value is negative, then that amino
acid is undergoing purifying selection, and if the value is 1, then it is under neutral selection.
Within Crocodilia, there were 18 positively selected sites, with two site being significant
(p>.95), however one of the sites fell within an alignment ambiguous region. Testudines had 34
positively selected amino acids sites, with only one amino acid site within the fourth exon being
significant. Palaeognathae had 28 positively selected sites, with two being statistically significant,
one being in the second exon, and the other being in the fourth exon. Galloanserae had four
positively selected sites, none of which were significant. Within all of the Aves, there were 82
selected amino acids, 39 of which were significant, located in every exon.
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Branch site analyses were conducted on the branches leading to each of the following:
Aves, Crocodilia, Palaeognathae, Galloanserae, Testudines, Penguins, the Kakapo, and
Pleurodira, (Gao et al.,2019). On the branch leading to Aves, two sites were positively selected
for. A branch site analysis conducted on the branch leading to penguins showed no evidence of
positive selection. On the branch leading to the kakapo (Strigops habroptilus), there was no
evidence of positive selection that was significant, however there was one site that was not
statistically significant (p=.505). A branch site analysis was performed on the branches leading to
the kiwis as well as the Tinamus, but yielded no positively selected sites.
A branch site analysis conducted on the Testudines showed that there were seven
positively selected sites on the branch that leads to Pleurodira, three of which had a significant p
value. Within Testudines, there was a positively selected site selected for in both the site and
branch site analyses. Branch site analyses for Crocodilians yielded no results.
Discussion
It has been shown that the DMP1 gene plays an important role in the formation of bone
as well as other hard tissues (Kawasaki et al., 2011). All studied vertebrates have a functional
DMP1 gene. Within Aves, Crocodilia, and Testudines, DMP1 can be expected to differ among
these Orders due to its high rate of mutation, as well as the differences in the morphology and
hard tissue structure. Differences in the aforementioned groups morphology could possibly be
partially explained by the difference in the DMP1 gene. Here, we have shown that DMP1 has
experienced different selective pressures.
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Isoforms, Homology, Motifs, and Phylogeny
Within Sauropsidia, crocodilians are the slowest evolving extant grouping due to their low
median substitution rate (Green et al., 2014). The next slowest evolving group are the Testudines,
followed by Squamata (Green et al., 2014). This could explain the trend that we see in the percent
pairwise identity, where the crocodilians are shown to have the most similar DMP1 sequences.
Percent identity between sequences can be used as a metric for measuring the similarities
between a gene and measuring the amount of homology between species (Alazem et al., 2019).
Within Aves, the rate of molecular evolution is highest within Passeriformes and slowest in water
birds (Zhang et al., 2014). Passeriformes, on average, have the highest rate of molecular evolution
(3.3 × 10–3 substitutions per site per million years), while the Palaeognathae have the lowest rate
( ~1.6× 10–3 substitutions per site per million years; Zheng et al., 2014). When rates of molecular
evolution are high within a group, one would expect a higher amount of sequence dissimilarity
than groups with slower rates of molecular evolution. This is exactly the same pattern that is
presented within Table 1.
When comparing DMP1 exons, exons closer to the 5’ end, are more highly conserved. This
suggests that these exons are vital to the function of the gene (Toyosawa, 2000). Within the 185sequence alignment, our data suggests that exon 2 is less conserved than exon 5. The third exon
is found only in Crocodilia, and is highly conserved. A possible explanation is the functionality for
the gene, where only those conserved regions are necessary for the gene to be functional, with
the rest of the nucleotides being able to vary.
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A higher number of conserved residues over millions of years of evolution can indicate
that these regions play important roles in the function of the gene, and are considered
biologically interesting (Silvent et al., 2013). Research has shown that within mammalian DMP1,
90% of the gene’s functional and coding regions are within the last exon (Silvent et al., 2013). In
the taxa represented within this work, it was shown that 96% of the conserved motifs fall within
the last exon (23 out of 24). Within the positively selected sites that were shared among all
species, there were several sites that fell inside or close to one of the conserved motifs. Without
knowing the exact function of these positively selected sites, we cannot know with certainty their
effect on the functionality of the gene. Future functional studies can help address this concern
(e.g. RNA-seq studies).
Casein kinase II phosphorylation sites play a vital role in the phosphorylation of catalyzed
enzymes that cause the mineralization of bones, and are dependent on the amount of serines
found within the gene (Toyosawa et al., 2012). Since phosphates are negatively charged, and the
gene is highly acidic, there needs to be a higher capacity for ion-bonding for proper mineralization
(Toyosawa et al., 2012). Among the Orders studied, the Testudines had the highest amount of
Casein kinase II phosphorylation sites, while the Neoaves had the lowest. This could mean that
DMP1 plays a unique role in the calcification of turtle shells, or the hollow bones of a bird, by
affecting the rate of mineralization in these hard tissues. This hypothesis would need to be
further investigated using functional analyses.
We also observed that within each isoform, there is a serine rich region, which is
expected, as the most common amino acid found within the gene is serine in mammals (22%)
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(Beniash et al., 2011). It is interesting, however that a glutamic acid rich region was only found
within avian species, as it is characterized to be the second most abundant amino acid within the
gene in mammals (15%) (Beniash et al., 2011). Testudines were also the only clade to have an
aspartic acid rich region, which is the third most common amino acid in mammals (13%) (Beniash
et al., 2011). We did find several conserved motifs that are thought to be critical to the DMP1
gene function, as well as all SCPP genes function, such as the RGD site (Beniash et al., 2011).
However, they did not overlap within the different isoforms. We did not find some motifs
previously described in mammalian DMP1, such as the ASARM motif, which could indicate that
these motifs are exclusive to mammalian lineages (Beniash et al., 2011).
Positive Selection
The molecular clock for a species is the average rate at which the species genome
accumulates mutations, and it is used to calculate measurements like evolutionary divergence
(Bromham et al., 2003). Since the DMP1 gene is a relatively fast mutating gene, we would expect
that the DMP1 gene would not evolve in a clock-like manner. The molecular clock analysis
suggests that this gene is evolving at a relatively quick rate, and the functional consequences of
this are unknown.
Aves had two sites that were positively selected for on the long branch leading to their
clade. Bone mineralization has been linked to bird and bat flight (Machado et al., 2016). These
positively selected sites on the branch leading to Aves could provide insight into whether or not
the DMP1 gene plays a role in this, as DMP1 plays a critical role in bone mineral density. A future
study could look for conserved motifs found within birds and bats.
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Penguins did not show any evidence of selective pressures on their stem branch. This
suggests that the DMP1 gene may or may not be directly involved in the unique morphology of
the group. This is surprising because it is well documented that penguins have dense bones due
to them being osteosclerotic, granting them the ability to swim (Ksepka et al., 2015).
Conclusion
In this study, we examined the evolutionary history of the DMP1 gene within extant
Sauropsida species. Our results show that there are several sites evolving under positive
selection. We identified shared motifs between isoforms. Lastly, we show that between orders,
the DMP1 gene shows relatively low sequence identity, but within orders, especially Crocodilia,
DMP1 is highly conserved. Future studies should not only look at the functionality of the DMP1
gene in sauropsids, but other SIBLINGS genes should be explored in a similar manner as this study.
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Appendix 1
Species Name

Accession number

Aves

Reason for exclusion

Date Accessed
Oct-19

Acanthsitta chloris

GCA_000695815.1

Oct-19

Accipiter nisus

GCA_004320145.1

Oct-19

Acridotheres javanicus

GCA_002849675.1

Oct-19

Agapornis roseicollis

GCA_002631895.1

Oct-19

Alca torda

GCA_008658365.1

Oct-19

Amazona aestiva

GCA_001420675.1

Oct-19

Amazona collaria

GCA_003947215.1

Oct-19

Amazona vittata

GCA_000332375.1

Oct-19

Anas platyrhynchos

GCA_003850225.1

Oct-19

Anas zonorhyncha

GCA_002224875.1

Oct-19

Anser brachyrhynchus

GCA_002592135.1

Oct-19

Anser indicus

GCA_006229135.1

Oct-19

Antrostomus carolinensis

GCA_000700745.1

Oct-19

Apaloderma vittatum

GCA_000703405.1

Oct-19

Aptenodytes forsteri

GCA_000699145.1

Oct-19

Apteryx australis (Apteryx mantelli)

GCF_001039765.1

Oct-19

Apteryx haastii

GCA_003342985.1

Oct-19

Apteryx owenii

GCA_003342965.1

Oct-19

Apteryx rowi

GCA_003343035.1

Oct-19

Aquila chrysaetos

GCA_000696035.1

Oct-19

Ara macao

GCA_000400545.1

Oct-19

Athene cunicularia

GCA_003259725.1

Oct-19

Balearica regulorum

GCA_000709895.1

Oct-19

Bambusicola thoracicus

GCA_002909625.1

Oct-19

Branta canadensis

GCA_006130075.1

Oct-19

Bubo blakistoni

GCA_004320225.1

Oct-19

Buceros rhinoceros

GCA_000710305.1

Oct-19

Burhinus oedicnemus

GCA_008921705.1

Oct-19

Calidris pugnax

GCA_001431845.1

Oct-19

Calidris pygmaea

GCA_003697955.1

Oct-19

Callipepla squamata

GCA_002218305.1

Oct-19

Calypte anna

GCA_003957555.2

Oct-19

Camarhynchus parvulus

GCA_901933205.1

Oct-19

Cariama cristata

GCA_000690535.1

Oct-19

Casuarius casuarius

GCA_003342895.1

Oct-19
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Centrocercus minimus

GCA_005890655.1

Oct-19

Chaetura pelagica

GCA_000747805.1

Oct-19

Charadrius alexandrinus

GCA_008711295.1

Oct-19

Charadrius vociferus

GCA_000708025.2

Oct-19

Chlamydotis macqueenii

GCA_000695195.1

Oct-19

Chlamydotis undulata

GCA_003400225.1

Oct-19

Chrysolophus pictus

GCA_003413605.1

Oct-19

Cicinnuris regius

GCA_003713305.1

Oct-19

Cicinnurus magnificus (Diphyllodes magnificus)

GCA_003713285.1

Oct-19

Ciconia boyciana

GCA_002002965.1

Oct-19

Colinus virginianus

GCA_000599465.2

Oct-19

Colius striatus

GCA_000690715.1

Oct-19

Columba livia

GCA_001887795.1

Oct-19

Corapipo altera

GCA_003945725.1

Oct-19

Corvus brachyrhynchos

GCA_000691975.1

Oct-19

Corvus cornix

GCA_000738735.2

Oct-19

Corvus hawaiiensis

GCA_003402825.1

Oct-19

Corvus moneduloides

GCA_009650955.1

Oct-19

Coturnix japonica

GCA_001577835.1

Oct-19

Crypturellus cinnamomeus

GCA_003342915.1

Oct-19

Cuculus canorus

GCA_000709325.1

Oct-19

Cyanistes caeruleus

GCA_002901205.1

Oct-19

Cyanoderma ruficeps

GCA_008694505.1

Oct-19

Dromaius novaehollandiae

GCA_003342905.1

Oct-19

Egretta garzetta

GCA_000687185.1

Oct-19

Empidonax traillii

GCA_003031625.1

Oct-19

Eopsaltria australis

GCA_003426825.1

Oct-19

Erythrura gouldiae

GCA_003676055.1

Oct-19

Eudromia elegans

GCA_003342815.1

Oct-19

Eurypyga helias

GCA_000690775.1

Oct-19

Falco cherrug

GCA_000337975.1

Oct-19

Falco peregrinus

GCA_001887755.1

Oct-19

Ficedula albicollis

GCA_000247815.2

Oct-19

Gallirailus okinawae

GCA_002003005.1

Oct-19

Gallus gallus

GCA_000002315.5

Oct-19

Geospiza fortis

GCA_000277835.1

Oct-19

Grus japonicus

GCA_002002985.1

Oct-19

Grus nigricollis

GCA_004360235.1

Oct-19
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Haliaeetus albicilla

GCA_000691405.1

Oct-19

Haliaeetus leucocephalus

GCA_000737465.1

Oct-19

Hemignathus virens

GCA_003286495.1

Oct-19

Hemignathus wilsoni

GCA_009690805.1

Oct-19

Himantopus himantopus

GCA_003993805.1

Oct-19

Hirundo rustica

GCA_003692655.1

Oct-19

Lagopus muta

GCA_004320205.1

Oct-19

Lepidothrix coronata

GCA_001604755.1

Oct-19

Leptosomus discolor

GCA_000691785.1

Oct-19

Lichenostomus cassidix

GCA_008360975.1

Oct-19

Limosa lapponica

GCA_002844005.1

Oct-19

Lonchura striata

GCA_005870125.1

Oct-19

Malurus cyaneus

GCA_009741485.1

Oct-19

Manacus vitellinus

GCA_001715985.3

Oct-19

Meleagris gallopavo

GCA_000146605.4

Oct-19

Melopsittacus undulatus

GCA_000238935.1

Oct-19

Merops nubicus

GCA_000691845.1

Oct-19

Mesitornis unicolor

GCA_000695765.1

Oct-19

Mixornis gularis (Macronus gularis)

GCA_003546035.1

Oct-19

Nannopterum auritus

GCA_002224875.1

Oct-19

Nannopterum brasilianus

GCA_002174335.1

Oct-19

Nannopterum harrisi

GCA_002173475.1

Oct-19

Neopelma chrysocephalum

GCA_003984885.2

Oct-19

Nestor notabilis

GCA_000696875.1

Oct-19

Nipponia nippon

GCA_000708225.1

Oct-19

Nothoprocta perdicaria

GCA_003342845.1

Oct-19

Numida meleagris

GCA_002078875.2

Oct-19

Opisthocomus hoazin

GCA_000692075.1

Oct-19

Paradisea raggiana

GCA_003713265.1

Oct-19

Paradisea rubra

GCA_003713215.1

Oct-19

Parotia lawesii

GCA_003713295.1

Oct-19

Parus major

GCA_001522545.3

Oct-19

Passer domesticus

GCA_001700915.1

Oct-19

Patagioenas fasciata

GCA_002029285.1

Oct-19

Pavo cristatus

GCA_005519975.1

Oct-19

Pelecanus crispus

GCA_000687375.1

Oct-19

Phylloscopus trochilus

GCA_002305835.1

Oct-19

Pipra filicauda

GCA_003945595.1

Oct-19
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Pseudopodoces humilis

GCA_000331425.1

Oct-19

Pseudorectes ferrugineus

GCA_008033365.1

Oct-19

Psittacula krameri

GCA_002870145.1

Oct-19

Pterocles gutturalis

GCA_000699245.1

Oct-19

Pterocnemia pennata

GCA_003342835.1

Oct-19

Pygoscelis adeliae

GCA_003264635.1

Oct-19

Pygoscelis antarcticus

GCA_003264595.1

Oct-19

Pygoscelis papua

GCA_003264615.1

Oct-19

Rhea americana

GCA_003343005.1

Oct-19

Saxicola maurus

GCA_900205225.1

Oct-19

Scolopax mira

GCA_004320125.1

Oct-19

Serinus canaria

GCA_000534875.1

Oct-19

Setophaga coronata

GCA_001746935.1

Oct-19

Spheniscus humboldti

GCA_003264545.1

Oct-19

Spheniscus magellanicus

GCA_003264715.1

Oct-19

Spheniscus mendiculus

GCA_003264655.1

Oct-19

Streptopelia turtur

GCA_901699155.1

Oct-19

Strigops habroptila

GCA_004027225.1

Oct-19

Strix occidentalis

GCA_002372975.1

Oct-19

Struthio camelus

GCA_000698965.1

Oct-19

Sturnus vulgaris

GCA_001447265.1

Oct-19

Syrmaticus mikado

GCA_003435085.1

Oct-19

Tachycineta bicolor

GCA_007636935.1

Oct-19

Taeniopygia guttata

GCA_003957565.2

Oct-19

Tauraco erythrolophus

GCA_000709365.1

Oct-19

Tinamus guttatus

GCA_000705375.2

Oct-19

Tympanuchus cupido

GCA_001870855.1

Oct-19

Uria lomvia

GCA_002289315.1

Oct-19

Urile pelagicus

GCA_002173435.1

Oct-19

Zonotrichia albicollis

GCA_000385455.1

Oct-19

Zosterops borbonicus

GCA_007252995.1

Oct-19

Zosterops lateralis

GCA_001281735.1

Oct-19

Alligator mississippiensis

GCA_000281125.4

Sep-19

Alligator sinensis

GCA_000455745.1

Sep-19

Caiman latirostris

new

Caiman yacarae

new

Camain crocodylus

new

Crocodilia
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Crocodylus acutus

new

Crocodylus intermedius

new

Crocodylus johnstoni

new

Crocodylus mindorensis

new

Crocodylus moreletii

new

Crocodylus niloticus

new

Crocodylus novaguineae

new

Crocodylus palustris

new

Crocodylus porosus

GCA_001723895.1

Crocodylus siamenisis

new

Crocodylus suchus

new

Gavialis

GCA_001723915.1

Mecistops cataphractus

new

Melanosuchus niger

new

Osteolaemus tetraspis

new

Paleosuchus palpebrosus

new

Paleosuchus trigonatus

new

Tomistoma schlegelii

new

Sep-19

19-Sep

Testudines
Actinemys marmorata

GCA_009430475.1

Jan-20

Apalone spinifera

GCA_000385615.1

Jan-20

Carettochelys insculpta

GCA_007922185.1

Jan-20

Chelonia mydas

GCA_000344595.1

Jan-20

Chelonoidis abingdonii

GCA_003597395.1

Jan-20

Chelydra serpentina

GCA_007922165.1

Jan-20

Chrysemys picta

GCA_000241765.3

Jan-20

Cuora amboinensis

GCA_004028625.2

Jan-20

Cuora mccordi

GCA_003846335.1

Jan-20

Dermatemys mawii

GCA_007922305.1

Jan-20

Dermochelys coriacea

GCA_009764565.1

Jan-20

Emydura subglobosa

GCA_007922225.1

Jan-20

Gopherus agassizii

GCA_002896415.1

Jan-20

Gopherus evgoodei

GCA_007399415.1

Jan-20

Mesoclemmys tuberculata

GCA_007922155.1

Jan-20

Pelodiscus sinensis

GCA_000230535.1

Jan-20

Pelusios castaneus

GCA_007922175.1

Jan-20

Platysternon megacephalum

GCA_003942145.1

Jan-20

Podocnemis expansa

GCA_007922195.1

Jan-20
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Terrapene carolina

GCA_002925995.2

Jan-20

Excluded Species
Anomalopteryx didiformis

Genome not available

Oct-19

Anser cygnoides

GCA_000971095.1

Insufficient Sequence
length

Oct-19

Anthochaera phrygia

GCA_009430485.1

Insufficient Sequence
length

Oct-19

Aratinga solstitialis

Genome not available

Oct-19

Aythya fuligula

Genome not available

Oct-19

Cairina moschata

Genome not available

Oct-19

No Blast Results

Oct-19

Genome not available

Oct-19

Cathartes aura

GCA_000699945.1

Cygnus olor
Dendrocopos noguchii

GCA_004320165.1

Insufficient Sequence
length

Oct-19

Fulmarus glacialis

GCA_000690835.1

Insufficient Sequence
length

Oct-19

Gavia stellata

GCA_000690875.1

Insufficient Sequence
length

Oct-19

Junco hyemalis

GCA_003829775.1

Insufficient Sequence
length

Oct-19

Genome not available

Oct-19

Nymphicus hollandicus
Phaethon lepturus

GCA_000687285.1

Large assembly gap

Oct-19

Phalacrocorax carbo

GCA_000709365.1

Insufficient Sequence
length

Oct-19

Genome not available

Oct-19

Phasianus colchicus
Phoenicopterus ruber

GCA_000687265.1

Insufficient Sequence
length

Oct-19

Phylloscopus plumbeitarsus

GCA_001655115.1

Insufficient Sequence
length

Oct-19

Phylloscopus trochiloides

GCA_001655095.1

Insufficient Sequence
length

Oct-19

Picoides pubescens

GCA_000699005.1

Insufficient Sequence
length

Oct-19

Podiceps cristatus

GCA_000699545.1

No Blast Results

Oct-19

Recurvirostra avosetta

GCA_004023745.1

No Blast Results

Oct-19

Sporophila hypoxantha

GCA_002167245.1

Genome not available

Oct-19

Genome not available

Oct-19

Sylvia atricapilla
Tetrao tetrix (Lyrurus tetrix)

GCA_000586395.1

Insufficient Sequence
length

Oct-19

Tyto alba

GCA_000687205.1

Insufficient Sequence
length

Oct-19

Zosterops pallidus

GCA_007556475.1

No Blast Results

Oct-19
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Table 1: Breakdown of each of the different clades/groupings based on the following categories: total number of
nucleotides, total number of sequences in the alignment, percent identical sites (The percent of columns in the
alignment where all sequences are identical), percent pairwise identity (The percent of residues that are identical
in the alignment), percent of GC nucleotides, and sequence length.

Tables and Figures
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Table 2: Breakdown of each of the different exons based on the following
categories: total number of sequences in the alignment, percent identical
sites (The percent of columns in the alignment where all sequences are
identical), percent pairwise identity (The percent of residues that are
identical in the alignment), percent of GC nucleotides, and sequence
length.
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Table 3: The different kinds of tests that we could have used and that were available on EasyCodeML. The “use”
category describes what the test looks for, and the limitations of each test.

Table 4: Branch values leading to each clade of collapsed DMP1 tree (Figure 3).
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Figure 1: Composite tree constructed using the most recent available studies for
individual relationships among species. This figure was used to compare the differences
between the gene tree and the species tree.

Figure 2: Maximum likelihood DMP1 tree created using RAxMLon Cipres Science Gateway and shows the relationship between 185
taxa. PartitionFinder2 was used to find the best model of molecular evolution (GTR+GAMMA).
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Figure 3: Collapsed version of the same DMP1 tree. Bootstrap values associated with each branch is indicated as well.
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Figure 4: Conserved motifs that appear on each type of isoform. Light Blue signifies a motif that is found within all 5 isoforms (10
total), Brick red denotes a motif that is shared within 4 (10 total), and silver donates a motif that is shared within 3 isoforms (4 total).
Dark green shows Glutamic acid regions, Orange shows Serine Rich regions, and Mustard yellow shows Aspartic acid rich regions.
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Figure 5A: Sites where positive
selection was found within the
Palaeognathae. The table shows
where, what amino acid, the
significance value (p value), and
the ω value. The Figure 5B: Exon
by exon breakdown of a
representative from the group.
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Figure 6b: Exon by exon breakdown of a
representative from the group.

Figure 6a: Sites where positive selection was
found within Crocodilia.
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Figure 7b: Exon by exon breakdown of a
representative from the group.

Figure 7a: Sites where positive selection was
found within Testudines.
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Figure 8b: Exon by exon breakdown of a
representative from the group.

Figure 8a: Positively selected sites in
Galloanserae.
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Figure 9b: Exon by exon breakdown of a
representative from the group.

Figure 9a: Positive selection sites found
within the Aves.
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